Ni-Al 2 O 3 catalysts prepared by solution combustion method for syngas methanation were enhanced by employing various heating rate and different solvent. The catalytic properties were tested in syngas methanation. The result indicates that both of heating rate and solvent remarkably affect Ni particle size, which is a key factor to the catalytic activity of Ni-Al 2 O 3 catalysts for syngas methanation. Moreover, the relationship between Ni particle size and the production rate of methane per unit mass was correlated. The optimal Ni-Al 2 O 3 catalyst prepared in ethanol at 2°C/min, achieves a maximum production rate of methane at the mean size of 20.8 nm.
INTRODUCTION
Natural gas has been considered as a promising energy source because of its clean nature, high calorifi c value and easiness for complete combustion. However, due to its poor reserves in some regions of the world, synthetic natural gas (SNG) plays an important role as an alternative energy 1, 2 . Therefore, syngas methanation as a useful technology to synthesize natural gas, has attracted much attention from both academia and industry ). Since Sabatier and Senderens discovered that some metals such as Ni, Ru, Rh, Pt, Fe, and Co possessed a good catalytic activity for syngas methanation in 1902 5 , methanation catalysts integrating active metal had been developed well. Ru-based catalysts retain the best active for syngas methanation, but limited resource and high cost restrict their large-scale commercialization 6-8 . Ni-based catalysts have been widely used for their low cost, high catalytic activity and selectivity for methane [9] [10] [11] . In recent decades, great efforts have been made to produce high-effi ciency catalysts retaining high activity at low-temperature (ca. 300°C) and high stability at high-temperature (ca. 600°C). Since Ni-based catalysts prepared by conventional methods (coprecipitation, impregnation, sol-gel and mechanical mixing) possess low activity at low-temperature, and deactivate easily at hightemperature, Zhao et al. employed solution combustion method (SCM) to synthesize Ni-based catalysts for CO methanation 12 , which shows excellent catalytic activity and stability. The aim of our work is to further improve and optimize the SCM by investigating the condition of preparation process.
In this work, we employ various heating rate (2°C · min -1 , 5°C · min -1 and 10°C · min -1 ) and different solvent (ethanol, n-propanol and glycerol) to prepare Ni-Al 2 O 3 catalysts by SCM. The as-synthesized catalysts were characterized by N 2 adsorption-desorption, XRD, H 2 -TPR and TEM. Effects of heating rate and solvent on CO conversion and stability, as well as the relationship between Ni particle size and production rate of methane per unit mass of Ni were studied.
EXPERIMENTAL

Catalyst preparation
Ni(NO 3 ) 2 · 6H 2 O and Al(NO 3 ) 3 · 9H 2 O were used as metal precursor salts. Ethanol, n-propanol and glycerol were used as the solvent and fuel. Typically, 14.87 g Ni(NO 3 ) 2 · 6H 2 O and 51.52 g Al(NO 3 ) 3 · 9H 2 O were dissolved in 200 mL ethanol at room temperature, while the same amount of metal precursor salts were dissolved in 200 mL n-propanol and glycerol respectively, which were preheated in water bath at 70°C. These mixtures were vigorously stirred until Ni and Al salts completely dissolved, and then kept at 70°C for 6 h to ensure these solutions at the same initial temperature. After that, these stable and clear solutions were heated from 70 to 700°C under static air in a muffl e furnace with given heating rate (combustion occurred spontaneously during the heating process), and then kept at 700°C for 7 h. The prepared Ni-Al 2 O 3 catalysts were denoted as 30Ni-XY, where 30 showed Ni weight content in the catalyst, X represented the heating rate (°C · min -1 ) and Y indicated the type of solvent (E = ethanol, P = n-propanol and G = glycerol). For comparison, pure Al 2 O 3 was also prepared at 2°C · min -1 using ethanol as solvent.
Catalyst characterization
Nitrogen adsorption-desorption isotherms were obtained with Micrometrics ASAP 2020 apparatus. Prior to N 2 adsorption, the samples were degassed under vacuum at 200°C for 4 h. Specifi c surface areas were measured by Brunauer Emmet Teller (BET) method. Total pore volume and pore sizes were evaluated using the standard Barrett-Joyner-Halenda (BJH) treatment.
Powder X-ray diffraction (XRD) patterns were recorded on a Rigaku D/Max 2550 using Cu Kαradiation at 40kV and 100mA. XRD patterns were determined over a 2θ range of 10-80° and a step size of 0.02°. Hydrogen temperature programmed reduction (H 2 --TPR) measurements were carried out on AutoChem II 2920 (Micrometrics) instrument. Prior to the H 2 -TPR measurements, 200 mg sample placed in a quartz U-tube reactor was pretreated in Ar stream at 500°C for 0.5 h and then cooled to 50°C. H 2 -TPR process was then conducted with a gas mixture of 10 vol.% H 2 in Ar at the fl ow rate of 50 mL · min -1 , and temperature was raised from 50 to 1000 o C with the heating rate of 10°C · min -1 . Hydrogen consumption was monitored by thermal conductivity detector (TCD).
Transmission electron microscope (TEM) images were taken by means of a JEM-1400 apparatus operated at 100 kV. In order to obtain the suitable samples, the metal oxides catalysts were reduced to the metallic state in H 2 atmosphere (100 mL · min -1 ) for 3 h at 700°C, and cooled to room temperature in N 2 fl ow, then passivated in O 2 /N 2 mixture (1 vol.% O 2 , 100 mL · min -1 ) for 2 h to avoid bulk oxidation of Ni nanoparticles 6 . After that, the reduced Ni-based catalysts were dispersed in ethanol by ultrasonic, and the suspension was then dropped onto a holey carbon-coated copper grid.
Syngas methanation
Syngas (carbon oxides and hydrogen) methanation reaction was carried out in a fi xed-bed reactor (Φ14 × 2 × 500 mm). Inert Al 2 O 3 was added at both ends of the uniform temperature zone to keep the catalyst in the middle. Typically 500 mg catalyst was used, and the total gas fl ow rate was 100 mL · min -1 , corresponding to a weight hourly space velocity (WHSV) of 12 000 mL · g -1 · h -1 . The catalyst was heated from ambient temperature to 700°C in nitrogen fl ow within 300 min and reduced by pure hydrogen for 3 h. Afterwards, the catalyst was cooled to reaction temperature under nitrogen fl ow, and then the reaction was initiated as the gas fl ow switched to the syngas (17.3 vol.% CO, 9.5 vol.% CO 2 , 67.7 vol.% H 2 , 5.5 vol.% N 2 ) to investigate the low-temperature catalytic activity of Ni-based catalysts at 260-340°C, 0.1 MPa and 12 000 mL · g -1 · h -1 . Hightemperature stability test of 30Ni-Al 2 O 3 was conducted at 600°C, 2 MPa, 12 000 mL · g -1 · h -1 and with 30 mol% water. Here, we defi ne:
CH 4 selectivity:
CH 4 formation rate:
N is the mole fl ow rate (mol · h -1 ), and m is the weight of Ni (g).
RESULTS AND DISCUSSION
The surface area (S BET ), pore volume (V P ) and average pore size (D P ) of the Ni-based catalysts are summarized in Table 1 (JCPDS 10-0339) . Moreover, the average crystal diameters of NiO are estimated from (311) plane using Scherrer equation. As shown in Table 1 , the mean crystal diameter of NiO (D NiO ) gradually increases from 31.9 to 36.9 nm when the heating rate increases from 2 to 10°C · min -1 . The result can be attributed to the increase of heating rate which leads to higher fl ame temperature, and thereby aggravating the aggregation of Ni particles. In addition, D NiO of Ni-Al 2 O 3 catalysts prepared in n-propanol and glycerol is smaller than that in ethanol, which implies that solvent has an effect on Ni particle size.
XRD patterns of reduced Ni-Al 2 O 3 catalysts and pure Al 2 O 3 are presented in Figure 1b TPR results of all the Ni-Al 2 O 3 catalysts were shown in Figure 2 , in which the various peak temperatures reveal the different interaction between nickel oxides and alumina. According to the peaks in their TPR profi les and reported in literatures [13] [14] [15] [16] [17] , the reducible NiO species can be classifi ed into three types: α, β and γ. The small peaks located in the low temperature region are assigned to α-type NiO species (surface amorphous NiO or bulk NiO), which are free nickel oxides species and have a weak interaction with alumina. The mild-temperature peaks represent β-type NiO species (weakly interacted with Al 2 O 3 or called Ni-rich phase), which are the main sources of low-temperature activity after reduction. The high-temperature peaks are assigned to γ-type NiO species (Strongly interact or chemically bound with Al 2 O 3 ), which are ascribed to the stable nickel aluminate phase with a spinel structure [18] [19] [20] . In the same way, the XRD patterns prove that NiAl 2 O 4 indeed exist in the Ni--based catalysts. It should be noted that 30Ni-10E and 30Ni-2G only have two peaks. This may because that peaks of different NiO species interlap, and in some cases, α-type reduction peak would overlap with β-type. From the profi les of the catalysts prepared in ethanol, the low-temperature peaks move backward with the increase of the heating rate, and the same phenomenon is discovered in profi les of 30Ni-2P and 30Ni-2G, which shows the interaction between surface NiO and Al 2 O 3 of the catalysts with higher heating rate or prepared in n-propanol and glycerol is stronger than 30Ni-2E.
TEM micrographs of reduced catalysts presented in Figure 3 clearly show that the nickel oxide particles are uniformly dispersed in the cotton-like γ-Al 2 O 3 . Mean particle size of Ni (D Ni ) determined from TEM (Nickel particles in the photo) is summarized in Table 1 (16.7-30.1 nm), and varies in line with XRD, but a little higher than those calculated using Scherrer equation from XRD. This is because TEM measures polycrystal, while XRD counts monocrystalline Ni particles. Furthermore, particle size distribution is different from average Ni particle sizes 21 . As shown in TEM and particle size distribution images, comparing with 30Ni-5E, 30Ni-10E, 30Ni-2P and 30Ni--2G, 30Ni-2E retains narrower distribution and nearer space of Ni particles that would be benefi cial for the activity and stability of the catalyst on account of making good use of catalyst surface area. Gao et al. 22 found that Ni catalysts with particle size of 15-20 nm show a better performance. As shown in Figure 3f , 30Ni-2E retains a higher amount of particles between 15 and 20 nm than the other catalysts. It implies that 30Ni-2E has a higher catalytic activity. When the particle is too small or too large, it will lead to more carbon deposition and lower activity. Figure 4a and 4b presents the catalytic activity in terms of CO and CO 2 conversion over 30Ni-2E, 30Ni-5E, 30Ni-10E, 30Ni-2P and 30Ni-2G at 0.1 MPa and 12 000 mL · g -1 · h -1 during 260-340°C. CO conversion of 30Ni-2E starts at 42.4% (260°C) and reaches nearly 100% below 320°C, which shows a better activity than our previous work. As shown in Figure 4c , 30Ni-2E also reveals a high selectivity for methane, which approaches 100% after the temperature above 300°C. The results indicate that catalytic activity decreases with the increase of heating rate, and the catalysts prepared in n-propanol and glycerol retain lower activity. As a result, it can be concluded that both heating rate and solvent play an important role in Ni particle size and distribution, affecting the catalytic activity of Ni-based catalysts for syngas methanation.
The production rate of methane per unit mass of nickel as a function of Ni crystal size was also studied at 280°C, 0.1 MPa and 12 000 mL · g -1 · h -1 . Apparently, the production rate of methane per unit mass of nickel is greatly infl uenced by Ni particle size, which increases with Ni crystal size to a maximum i.e., 2 21 mmol · g -1 · h -1 at the mean size of 20.8 nm (determined by XRD), and then declines with a further increase in size, as shown in Table 1 . This phenomenon indicates that the syngas methanation over Ni-Al 2 O 3 catalysts at low-temperature is a structure-sensitive reaction. Larger Ni particles have a lower surface area for CO conversion and thus exhibit a lower methanation rate, while smaller Ni particles have a larger surface area for CO conversion which is benefi cial for a higher methanation rate. However, smaller Ni particles, having amounts of Ni step sizes, are easily covered by carbon resulting in activity at low-temperature, but also shows good stability at high-temperature.
CONCLUSIONS
Ni-Al 2 O 3 catalysts prepared by SCM for syngas methanation are enhanced by adopting various heating rate (2°C · min -1 , 5°C · min -1 and 10°C · min -1 ) and different solvent (ethanol, n-propanol and glycerol). Both heating rate and solvent have effects on Ni particle size, thus affecting the catalytic activity. 30Ni-2E prepared in ethanol at 2°C · min -1 exhibits better catalytic activity. In addition, the production rate of methane per unit mass of nickel is greatly infl uenced by Ni particle size. The maximum production rate of methane per unit mass of nickel can be achieved to 221 mmol · g -1 · h -1 on around 20.8 nm Ni particles (determined by XRD), at 280°C, 0.1 MPa and 12 000 mL · g -1 · h -1 .
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This work is fi nancially supported by the National Science and Technology Supporting Plan (2012AA050102). for the stability test of 30Ni-2E fast deactivation of Ni catalysts, and thus have a low methanation rate 23 . The stability test of 30Ni-2E, the optimal catalyst among the fi ve Ni-based catalysts, is conducted at 600°C, 2 MPa and 12 000 mL · g -1 · h -1 . In order to suppress the formation of both encapsulating carbon and fi lamentous carbon during syngas methanation reaction, 30 mol% water vapor is added into the reaction system according to literature 24 . As shown in Figure 5a , with time on stream increase, the CO conversion of 30Ni-2E decreases gradually from 99.5 to 81.6%, while CO 2 conversion increases slowly to ~20%. Then the CO and CO 2 conversion almost remain unchanged. Figure 5b shows the CH 4 selectivity, which maintains ~99% during the whole life-time test. The good stability can be attributed to that Ni particles are scattered and spatially isolated by Al 2 O 3 , which can prevent the sintering of Ni particles. It proves 30Ni-2E catalyst not only has optimal catalytic
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